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ABSTRACT
We report the fabrication of nickel nanowires with parallel growth-twin structures (‘twin lamella’
along the wire axis) by electrochemical deposition, and demonstrate an interesting twin ‘unzipping’
phenomenon in such nanotwinned nanowires under bending. Through in situ TEM, we found that
‘unzipping’ of twin lamella was achieved by gradually increasing twin spacing along thewire axis via
a layer-by-layer twin boundarymigration process. Molecular dynamics simulations suggest that par-
tial dislocation slip is responsible for activating the ‘unzipping’, with a multi-step-process involving
dislocation loop initiation, expansion andpartially annihilation. Ourwork could provide new insights
into the deformation mechanisms of nanotwinned 1-D metallic nanostructures.
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Nickel nanowires with parallel-twin structures were fabricated and demonstrated an interesting
twin lamella ‘unzipping’ behavior upon flexural bending, which provides new insights into the
deformation mechanisms of nanotwinned metallic materials.
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Introduction
One-dimensional (1-D) metallic nanostructures, with
extremely high volume/surface ratio, exhibit drastically
changed properties with respect to their mechanical,
magnetic, electrical and thermal behavior [1–9] when
compared to their corresponding bulk system. On the
other hand, twin boundaries, as a class of 2-D defects,
can strongly influence the mechanical properties of such
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metallic nanostructures as indicated by earlier simu-
lation works showing that Cu nanowires with tilted
twins deform primarily through twin migration by par-
tial dislocation in one active slip system [10]. Under
the reversible twinning–detwinning mechanism, supere-
lasticity can be achieved in body-center-cubic (BCC)
nanowires [11]. In experiments, the stress required for
deformation twinning has a strong crystal size effect [12].
© 2017 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
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Au nanowires containing angstrom-scaled twins exhibit
extremely high tensile strength which reached to their
theoretical limit, and the underlying dislocation dynam-
ics and surface nucleation facilitated deformationmecha-
nisms are proved to be twin size dependent [13]. Recently,
we discovered that ultrathin Au NW with deformation
twins can induce ductile-to-brittle transition [14]. Simi-
lar phenomenon had also been observed in Cu nanopil-
lars with orthogonally and slantly orientated twin bound-
aries [15]. With the rapid development of nanomate-
rials synthesis and processing techniques, novel nanos-
tructured metals with growth twins have emerged in
recent years [16–31] with great interest given that nan-
otwinned metals exhibit high strength properties cou-
pled with some other modifications such as maintaining
the ductility and improvements in electron conductivity
[10,11,13–15,17,26,27,32–34]. Such metallic nanostruc-
tures with growth twin structures and high strength and
high conductivity may also find numerous applications
in nanoelectromechanical devices (NEMS), touch panels,
field effect transistors (FET) and nano-complementary
metal–oxide–semiconductor [35–37]. For these applica-
tions, fabrication of nanowires with stable growth nan-
otwin structures becomes a critical issue. It should be
pointed out that nanowire with various twin orienta-
tions has been successfully fabricated by electrochemical
deposition [38,39]. In this work, we report the success-
ful fabrication of a new type Ni nanowire with unusual
twin structures parallel to the wire axis (twin lamella). In
addition, an interesting ‘unzipping’ phenomenon of twin
lamella has been observed in situ in such nanotwinned
nickel nanowires under flexural bending inside trans-
mission electron microscopy (TEM). The deformation
mechanism of this intriguing ‘unzipping’ phenomenon
observed in parallel-twinned Ni nanowires has also been
investigated with the assistance of molecular dynamic
(MD) simulation.
Template-assisted electrodeposition of
nanotwinned nickel nanowires
Ni nanowires with parallel nanotwins along the wire
axis used in this study were fabricated by the typ-
ical anodic aluminum oxide (AAO) template-assisted
electro-chemical deposition method [40–42]. Driven by
the electrical potential, Ni2+ in the deposition solution
was transported into the AAO channels and being fur-
ther reduced into Ni atoms. With the confinement of
AAO channels, Ni nanowires were finally formed with
diameters determined by the channel diameters [43,44].
By tuning the deposition parameters such as tempera-
ture, AAO channel size, DC voltage and magnetic field,
etc., these particular Ni nanowires with wire-axis-parallel
nanotwin structures were successfully fabricated out
(see Figure 1). Due to the relatively higher stacking fault
energy in Ni (120–130mJm−2 [45]) as compared with
other face center cubic (FCC) metals like Au, Ag and
Cu [46,47], nanotwin structures as reported in previ-
ous metallic nanowire synthesis are mostly perpendic-
ular to their wire axis [13,48,49], and such parallel-to-
wire-axis nanotwin configurations in Ni nanowires have
never been reported so far. Additionally, such nanotwin
configurations in nanotwinned Ni nanowires were only
observed in nanowires with diameters less than 50 nm,
while the twin formation mechanism is still under inves-
tigation. Figure 1(a,b) display our Ni nanowire sample
with parallel-to-wire-axis nanotwinned structure under
low and high magnifications. The sample is around
390 nm in length and 25 nm in diameter. The twin spac-
ing is around 1 nm. Different from previous studies that
mainly focused on the investigation of nanowires with [1
1 1] axial direction [13,15], in this work the wire axial
direction is along [−2 1 1]. It is well known that the twin
planes in FCC systems are mostly parallel to the most
densely packed {111} planes [50,51].
In situ TEM flexural bending experiments
To study themechanical behavior of nanotwinnedmetal-
lic structures, in situ TEM methods have been devel-
oped and carried out [13,31,52–59] to characterize the
underlying deformationmechanisms. In thiswork, in situ
high-resolution TEM (HRTEM) bending experiments of
the parallel-to-wire-axis nanotwinnedNi nanowireswere
performed by a nanomanipulation platform based on
a NanofactoryTM TEM-Scanning Tunneling Microscope
(STM) holder inside TEM. The basic configuration of the
experimental setup was presented in Figure 1(c). The Ni
nanowire was clamped onto the left side of the device
surface coated with a nanometer thick adhesive amor-
phous silica layer which served as ‘glue’ [60]. With the
maneuver of the STM sample holder driven by piezo-
electrical actuator at the resolution of sub-nanometer
scale, in situ HRTEM mechanical tests on the clamped
parallel-twin structured Ni nanowires were achieved by
contacting of STM tip and the Ni nanowires, as pre-
sented in Figure 1(d). Due to the roughness of the STM
tip surface, in situ compression and bending tests on
Ni nanowire can be fulfilled simultaneously (inset in
Figure 1(d)).
Figure 2 shows the HRTEM image sequences which
recorded the mechanical deformation process of the
parallel-twinnedNi nanowireswithin 20 s undermechan-
ical loading (see Supplementary Video S1). Two par-
ticular parallel-twin boundaries with twin spacing of
∼1.25 nm as indicated by the white lines in Figure 2(a)
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(a) (b)
(c) (d)
(STM) sample holder
Figure 1. HRTEM images of Ni nanowire under low (a) and high (b) magniﬁcations. Inset shows the diﬀraction pattern calculated by
fast Fourier transform (FFT). Our nanowire has a < 2 1 1> axial direction and contains {111} twin boundaries. (c) Experimental setup
showing that the nanowire was clamped onto the tip left. (d) TEM images of the mechanical loading of the nanowire. The loading was
performed by approaching the tip of STM sample holder to the nanowire. Inset: HRTEM image of the area in white frame. It can be well
observed that the deformation consists both bending and compression. Scale bar (a) and (d) 50 nm; (b) 5 nm.
were chosen as the investigating object.With the increase
of deformation degree, a gradual twin spacing enlarging
process can be clearly observed. Figure 2(b,c) show a
‘zipper-opening’ like process of the two twin lamel-
las, and the twin spacing enlargement is marked by
the red circles. This process reveals that the movement
of twin planes is not in collective manner. As indi-
cated by the white lines in Figure 2(d), a stable twin
spacing of ∼1.83 nm (initial spacing was 1.25 nm) was
finally achieved in this case. To confirm the reliability
of this phenomenon, more experiments were repeated
and the unzipping processes between wire-axis-parallel-
twin lamellas were always observed (see another case in
Supplementary Information and Video S2). We consider
that the mechanism behind this twin lamella ‘unzipping’
phenomenon is the atomic layer-by-layer migration of
twin boundaries caused by the gliding of partial dislo-
cations. However, due to the technical limitation of the
existing HRTEM imaging of samples during dynamic
loading processes, we can hardly obtain direct evidences
at atomic resolution. So in the following theoretical
simulation-based investigation, we mainly focus on the
mechanism of twin boundary migration. It is worth not-
ing that the mechanical properties such as yield strength
[13] or fatigue [61] are strongly related to the nanotwin
metallic structures.
Molecular dynamics simulation and discussions
In this section, molecular dynamics (MD) simulations
were performed to assist our understanding of the
experimental observation and its associated underlying
mechanisms. Figure 3(a,b) show our molecular dynamic
simulation setup. A twinned nanowire with the same
orientation as that in the experiment was constructed.
The dimension of the nanowire is 12 nm in diameter
and 50 nm in length. The whole system contains around
500,000 Ni atoms. The initial twin spacing was set to be
2 atom layers. Another single twin plane, which was far
away (relative to the sample size) from the closely placed
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(a) (b)
(c) (d)
1.25 nm
1.83 nm
Figure 2. In situ HRTEM images of Ni nanowire under the mechanical loading: (a) Ni nanowire with wire-axis-parallel-twin boundaries.
Target twin boundaries are indicated by white line, and the twin spacing between them is around 1.25 nm. (b)–(d) representative snap-
shots of twin space enlargement by twin boundary migration. Note that this is not collective movements of the twin planes, but a
layer-by-layer climb of twin boundary. The position of twin spacing outstretching is indicated by red circles. Finally, a twin spacing of
∼ 1.83 nm is achieved in this case. Scale bar: 5 nm.
twin planes, was constructed as a reference. We use free
boundary conditions in all three directions. The system
was relaxed in an NPT ensemble (constant-temperature
and constant-pressure ensemble; in which, N, number
of atoms; P, pressure; T, temperature) with temperature
controlled at 0 K by using Nòse-Hoover thermostat. The
Pressurewas set as zero in the axial direction and no pres-
sure control was performed in other directions. To repro-
duce themechanical manipulation in an experiment, two
forces, which are perpendicular (5.8× 10−11 N) and par-
allel to the axial direction (4× 10−11 N), were applied to
the right end of the nanowire (Figure 3(c)). To avoid the
rotation or translation movements of nanowires durng
loading, the left end of the nanowire was fixed by setting
the mass of the atoms as infinite. We used the MEAM
(modified embedded-atom method) interatomic poten-
tial created by Mishin et al. [62] to describe the inter-
action between Ni atoms. The local crystalline structure
and defects (dislocations, twin boundaries and stacking
faults) were determined by using the common neighbor
analysis (CNA) [63] and dislocation extraction algorithm
(DXA) [64].
Figure 3(c–g) display the unzipping process of
the constructed parallel-twin lamella. The simulation
reproduced essentially the same observations from
experiments, namely, the increasing of twin spacing with
the increase of deformation (bending). The twin spac-
ing at the top of the nanowire increased from the initial
two atom layers to five layers by migration of two closely
placed twin planes in opposite directions, while the sin-
gle twin boundary exhibited a zig-zag form. Given that
the Ni nanowires are fully packed with twin structures,
those structural fluctuations cause the energetic fluctu-
ation. Together with that the activation energy required
for twin boundary migration is much lower than that
for twinning, especially for nickel as a metal with high
stacking fault energy (120–130mJm−2) [45]. There-
fore, upon the perturbation of external activation, twin
boundary migration rather than twinning was more pre-
ferred to occur here, especially for nanostructures fully
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(a) (b)
(c) (d)
(e) (f)
(g) (h)
Figure 3. Representative MD snapshots of ongoing twin boundary migration under mechanical loading, along (0−1 1) plane: (a) Setup
of the simulation. (b) Zoomed cross-sectional view of the (0−1 1) plane, rotated to the angle of view corresponding to our experiment. (c)
simulated nanowire without stress applying. Arrows denote the direction in which forces will be applied. (d)–(g) twin spacing increasing
with increasing deformation degree. Red arrows in (f ) and (g) indicate other planar defects. (h) Zoomed nanowire tip of (g). The positions
of partial dislocations on the twin boundary are indicated by red circles. Colors denote the local crystalline structure. Dark blue: FCC; light
blue: hexagonal close-packed; red: undetectable atoms.
packedwith parallel nanotwins already. Interestingly, pla-
nar defects, which may be stacking faults, appeared at
high deformation degree (Figure 3 (f,g)). Figure 3(h)
represents a close view of the deformed nanowire (corre-
sponds to the right end of Figure 3(g)). We consider that
the twin boundary migration was caused by a slip of the
partial dislocations (red atoms in red circles) on the twin
planes. Thus, instead of a collective movement of twin
planes, the migration of the twin boundary was achieved
in a layer-by-layer manner. Lee et al. also observed a
reversible twinning–detwinning phenomenon in gold
nanowire under cyclic deformation dominated by a sim-
ilar layer-by-layer mechanism of twin boundary move-
ment with the help of MD simulation [65]. Furthermore,
dislocation and defect plane analysis shall help us to
understand the mechanism of the deformation process.
As an example, Figure 4(b–f) display the top view of one
twin plane (indicated by white arrow in Figure 3(c) and
Figure 4(a)). Note that we only represent the disloca-
tions on the twin plane, other defects are intentionally
hidden. There are clearly dislocations nucleated on the
twin boundary. Due to the new arrangement of atoms
during the dislocation nucleation, the twin plane tem-
porarily lost its perfection (Figure 4(b)). Shortly after, a
perfect dislocation loop was formed on the twin plane
(Figure 4(c)). It is well known that the dislocation loop
will expand when the applied shear stress is higher than
a critical value which equals Gb/r (G: shear modulus, b:
Burgers vector, r: radius of the dislocation loop). Note
that the shear stress we applied to the nanowire is higher
than this critical value. Thus, a dislocation loop expan-
sion was well observed with further increased degree
of deformation (cf. Figure 4(c,d)). Once the dislocation
loop came through and contact the surface, the partial
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(a) (b) (c)
(d) (e) (f)
(g)
Figure 4. Dislocation dynamics in one twin lamella plane: (a) side view of Figure 3(c). The twin plane to be shown is indicated by white
arrows. The colors are same as that in Figure 3(b–f) top view of a dislocation loop nucleation, expansion and annihilation process in the
indicated twin plane during mechanical loading. Only right top of the nanowire and dislocations on the twin boundary are shown. (g)
DXA analysis of Figure 3(g). Planar defects and dislocations are shown. The defects analysis is performed by DXA [49] and open-source
software Paraview [66]which are dedicated for visualization. Red plane: twin boundary; blue plane: stacking fault; white tube: dislocation
line.
dislocations were annihilated, leaving two single disloca-
tions (two half loops as indicated in Figure 4(d)). The
left one glided from right to left along the axial direc-
tion (first step of twin plane in Figure 3(h), indicated
by ‘1’). And the right one disappeared by further sliding
due to the contact with the surface. Meanwhile, a half-
loop shaped dislocation nucleated (as indicated by the
white half circle in Figure 4(e)) and glided on the twin
plane (Figure 4(f)), which corresponds to the second
step of the twin plane in Figure 3(h), as indicated by ‘2’.
We, therefore, believe this is a four steps process: dis-
location loop nucleation, expansion, partial annihilation
and further slipping. This slipping causes the climbing
of the twin boundary and further increases the twin
spacing. We want to note that the Burgers vectors of dis-
locations on the twin were 1/6<−2 1 1> , which are
parallel to the axial direction. Finally, we discuss the pla-
nar defects formed at high deformation degree (indicated
by red arrows in Figure 3(f–g)). DXA [49] analysis shows
that these planar defects are stacking faults (as shown in
Figure 4(g) and SupplementaryVideo S3), which are con-
sequences of deformation induced by dislocation slip-
ping: the dislocations firstly nucleated at the surface and
slipped through the nanowire, leaving stacking faults
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behind. We note that such surface dislocation nucle-
ation mediated deformation mechanism has been widely
reported in nanoscale materials [2,29,67,68]. Once these
dislocations met with the twin boundary, further move-
ment was inhibited, which caused the halting of the
stacking fault propagation (see SupplementaryVideo S3).
Taking the dislocation nucleation on the twin boundary
into account together, we conclude that the twin bound-
aries act as both resources and obstacles for dislocations:
dislocations nucleated on the twin boundary slip through
it while the movement of other dislocations nucleated at
the surface is inhibited. Therefore, it is expected that the
strength and ductility of the material may be simultane-
ously enhanced [13,17,22,23,49,69] even though further
experimental investigations are required.
Conclusion
In summary, we have observed the twin boundary
migration in Ni nanowire upon mechanical loading and
unloading, leading to the interesting ‘unzipping-zipping’
phenomenon. Such loading applied on the nanowire was
mixed with both compressive and bending stress, while
the bending is mainly responsible for activating multi-
ple slip systems on the twin boundaries. A zip-form twin
boundary lamella was evolving by layer-by-layer migra-
tion of twin boundary upon flexural bending. MD sim-
ulation revealed that the dislocations are mainly nucle-
ated from two sources, twin planes and surfaces. On
the twin planes, it undergoes a dislocation loop nucle-
ation, expansion, partial annihilation and further slip
process, which leads to the twin boundary migration and
further increasing of the twin spacing. The dislocations
nucleated at the surface (at high deformation degree)
slip through the nanowire, leaving stacking fault behind.
This slip is inhibited by the twin boundary. These results
may provide critical new insights on understanding twin
effect in the deformation mechanisms of metallic 1-D
nanostructures.
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